In this paper, the average lubrication equation for grain flow is solved using a control volume method to analyze the performance of hydrodynamic journal bearings. The grain particle size effect was investigated. The nondimensional load and friction coefficient are demonstrated in terms of eccentricity ratios under various diameter-to-width ratios. The results demonstrate the performance of powdered lubricated journal bearings, and also accord with the results experimented by Heshmat and Brewe.
INTRODUCTION
Powders have the ability to support a higher load than conventional liquid lubricants at high temperature. Consequently, the use of powders as hydrodynamic lubrication materials has evolved into an important research topic. Furthermore, powder lubrication plays an important role in achieving global planarization during the chemical mechanical polishing process.
Several researchers have performed experimental investigations into the lubrication characteristics of powders. Heshmat demonstrated that powder lubricants produce pressure profiles which are similar to those of oil. His study classified the powder flow condition as quasi-hydrodynamic [1] . Heshmat conducted a series of journal bearing tests using powder lubricants at speeds of up to 30,000 rpm and loads of up to 236 N [2] . The results demonstrated both the principles and the feasibility of quasi-hydrodynamic lubrication. Heshmat and Brewe performed experiments using a three-pad journal bearing with molybdenum disulfide powder (1995, [3] ) and tungsten disulfide powder (1996, [4] ), respectively. Due to the different characteristics of the two powders, a slight difference was noted between the friction coefficients of MoS 2 and WS 2 .
Haff [5] proposed a grain flow model in which the theory of dense gases was adapted to the modeling of grain collisions. A microscopic grain model was introduced in order to establish a relationship between the parameters appearing in the conservation laws, and a powerful method was developed for obtaining a physically realistic representation of granular flow from a fluid mechanics perspective. Haff's kinetic model for the linked relation between the microscopic properties and the macroscopic conservation laws yields the best general agreement with Heshmat's experimental results.
Notwithstanding the efforts of the studies introduced above, the published literature contains relatively little theoretical analysis and simulation of powder lubricated journal bearings. The present simulations explore the effect of the particle size on the performance of powder lubricated hydrodynamic journal bearings.
GRAIN FLOW THEORY
Haff treated grain flow as a fluid-mechanical phenomenon and developed an analytic grain flow theory based on the conservation of mass, momentum and energy for granular material in motion. He treated individual grains as the molecules of a granular fluid and derived the microscopic properties. All grain particles are assumed identical and spherical, and there is no cohesion or spin between particles. The mean separation ( s ) between neighboring particles is assumed much less than the particle's diameter ( d ), so bulk density (ρ) is treated as constant. In addition to having bulk flow velocity (u), each particle is free to move within its cell at an average fluctuation velocity ( ), which is commonly referred to as the granular pseudo-temperature. When a particle collides with a neighboring particle, momentum is exchanged on the order and energy is lost due to inelastic collision. The expressions for the pressure (p), coefficient of viscosity (η), thermal diffusivity (K) and energy loss (I) due to particle collision using microscopic kinetic models are as follows: Fig. 1 plots the friction coefficient as a function of the nondimensional load. The simulation data relate to two different particle sizes (d=1 and 2 m µ ), while the experimental data correspond to a molybdenum disulfide powder (Heshmat and Brewe, 1995) , and to a tungsten powder (Heshmat and Brewe,1996) . For the experimental data, the coefficient friction demonstrates a solid curve and a constant for MoS 2 and WS 2 , respectively. Regarding the simulation results, as the nondimensional load increases, the values of the friction coefficient for d=1 and 2 m µ initially remain constant, but then increase rapidly. In conclusion, the trends of the theoretical simulation results are in qualitative agreement with the experimental results. As expected, the value of the friction coefficient increases for a larger particle size (d=2 m µ ). 
where the coefficients t , and are dimensionless constants, and e is the coefficient of restitution.
The average lubrication equation [6] is given by:
(2) where
for perfectly elastic grain collision.
for inelastic grain collision.
BEARING SCHEME
The film thickness of finite-width journal bearings is given by:
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where c is the radial clearance, ε is the eccentricity ratio, and is the attitude angle. The Reynolds boundary condition can be applied at the film rupture and reformation boundaries, i.e.
The average lubrication equation is solved using a finitedifference technique. The dimensionless bearing load (W ) is defined as:
RESULTS AND DISCUSSION
The relevant operating conditions are as follows: Groove angle: 
